Methanol is an attractive energy source due to its portability and thermodynamic coke resistance by its oxygen content. In order to operate dry methanol fuel low temperature solid oxide fuel cells (LTSOFCs), it is important to solve the problems of carbon formation and its low performance. In this study, copper impregnation was selected to decrease the carbon deposition and enhance the performance at low temperature. The interaction of copper, ceria and nickel improves CO oxidation capacity which improves coke tolerance and nano-sized nickel copper alloys improved durability and catalytic performance under methanol feed. It markedly amplified the performance about 0.4 W cm À2 at 550 C with the durable operation at 1.4 A cm À2 over 50 h. Loading copper nanoparticles is promising method for Ni-ceria based LT-SOFC using methanol fuel with high performance and stable operation.
Introduction
Direct hydrocarbon fuelled low temperature solid oxide fuel cells (LT-SOFCs) have been studied for decades. [1] [2] [3] [4] [5] [6] Among various hydrocarbon fuels, methanol can be great candidate for following reasons. Firstly, oxygen content in CH 3 OH can thermodynamically promote to oxidize the carbon which was deposited on metal active sites inhibiting catalytic reaction.
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Secondly, methanol can be easily reformed to CO and H 2 at low temperature. Portability of methanol fuel was key point to expand range of application.
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Though it has lots of advantages, signicant problems such as carbon deposition and poor performance at low temperature appear in methanol fuelled LT-SOFC. In SOFC system, the thermodynamic equilibrium of the Boudouard reaction (2CO (g) / C (s) + CO 2(g) ) is shied to the right at operating temperatures below 700 C and carbon deposition occurs mainly owing to Boudouard reaction. [12] [13] [14] For this reason, Boudouard reaction should be avoided at 550 C to minimize the carbon deposition, which causes the degradation of cell performance.
Ni-based catalyst has been generally used as anode materials, but the most of the carbon deposition arising from the nickel metal. Tian Gan recently reported that consistent voltage drop occurred at Ni-SDC anode based SOFC during 200 min operation due to carbon deposition on nickel metal at 700 C.
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Great efforts have been devoted to develop the nickel-free anodes with high performance using perovskite type catalyst such as La 0. 8 18 etc., [19] [20] [21] [22] [23] but the nickel is still essential to lower the price of anode materials and operating temperature with reasonable performance. In order to overcome vulnerable properties of Ni for carbon deposition, an addition of coketolerant oxide materials has been studied. Recently, Q. Yang et al. referred that small quantity of MgO ($3 wt%) on Ni cermet anode shows excellent long-term stability for 330 h in humidied methane at 800 C. 24 J. Qu et al. also reported that CaO assisted to inhibit carbon deposition under humidied methane fuel at 650 C. 25 However, these oxide additives can reduce SOFC performance when quantities of additive increased.
For these reasons, it was necessary to modify nickel metal with low-cost metals to enhance both performance and coke resistance. Among inexpensive metal group, copper is expected to be applicable as an anode material for methanol since it is widely used as the catalyst for methanol decomposition.
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Although Cu is active for methanol decomposition, it is not good catalyst for the electrochemical oxidation of H 2 and CO. The copper simply acted as an electrical conducting path in SOFC. 29 Ceria contents within the cermet assisted to electrochemically oxidize the hydrocarbon fuel. Ceria based oxide ion conductor such as gadolinium doped ceria (GDC) has been used as coke resistant material in anode at low temperature. 30 The valence change between +3 and +4 in GDC remarkably facilitated the hydrocarbon oxidation on the surface. [31] [32] [33] Furthermore, if copper is used as dopant in GDC, with forming Cu-Ce-O bonds, tiny copper contents tempt to make the oxygen vacancies and structural defects at the ceria support which give an enormous inuence on the CO oxidation ability and oxide ionic transport.
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Although Cu is active for methanol decomposition and Cuceria composite enhance the CO oxidation ability, Cu metal has poor catalytic activity for C-H bond scission and H 2 .
37 It was main cause to degrade the performance compared to the conversion of Ni-based anode supported SOFC. In the case of Cu-Ni alloys, the formation of the solid solution has been shown to signicantly alter the catalytic properties of the Ni component that copper concentrates strongly in the surface of copper-nickel alloys of low overall copper content would imply a much greater alteration of intrinsic metallic properties in the surface region than in the bulk. 38 It can provide methanol fuelled LT-SOFC with high performance and durability.
For these reasons, we focused on the copper doping in anode materials, nickel metal and ceria, which can enhance the methanol conversion and coke resistance. Copper dispersed coke-tolerant methanol fuelled LT-SOFC was successfully fabricated by impregnation method in this study. The Ni-Cucerium oxide based anode enhanced the CO oxidation ability which can suppress the carbon formation. Furthermore, the cell exhibited remarkable performance of 0. 4 . The core particles were added into the solution, and then vigorous stirring was carried out at 70 C until the polymeric sol was formed. The polymeric sol was burned out at 200 C to obtain core-shell-like AFL particles. The AFL powders calcined at 600 C were ball-milled with EFKA 4340 (0.4 ml) as a dispersant in a mixed toluene/isopropyl alcohol (IPA; 100 ml) for 12 h. Thereaer, di-n-butylphthalate (DBP) (2 ml) as a plasticiser, Triton-X (0.4 ml) as a surfactant and polyvinyl butyral (PVB) (0.5 g) as a binder were added to the suspension, and then the AFL slurry was ball-milled for 24 h.
GDC electrolyte
GDC electrolyte slurry was prepared by ball-milling process. GDC powder was ball-milled with proper amount of EFKA 4340 in mixed toluene/IPA for 12 h. Then, DBP, Triton-X, PVB and 0.2 wt% of CuO as a sintering aid were added to suspension. The dip-coating process was carried out on the anode supports without the AFL.
Single-cell fabrication
The Ni-GDC powder was pressed at 50 MPa to fabricate disk-like anode supports with a diameter of 3.6 cm. The anode substrates were partially sintered at 1100 C for 3 h. The AFL powder was coated on the Ni-GDC anode by dip-coating method. AFL coated anode substrate was sintered at 1000 C for 3 h. The GDC slurry was coated on the AFL by same method. The half-cell was fully sintered at 1500 C for 3 h. Ni-Cu nanoalloys in the anode substrate were fabricated by impregnation method and in situ nano-alloying during an operation with reduced atmosphere. Precursor solution was composed of mixture with Cu(NO 3 ) 3 -$3H 2 O, urea, water and ethanol according to the molar ratio of 0.1 : 1 : 11.7 : 2.1. The solution was dropped on the half-cell to ll the pores. To remove the solvent inside the pellet, dry process was added to decompose the urea at 80 C for 2 h and heat treatment at 400 C for an hour to remove carbon in the organic compound induced the formation of CuO nanoparticles on the surface of anode substrate. The impregnated pellet was sintered at 800 C for 3 h to crystalize the nickel-copper oxide phase. A polishing process to remove the top side of impregnated anode surface is needed to lower the diffusion resistance.
The cathode paste was screen-printed on the GDC electrolyte side, and the cell was nally sintered at 1000 C for 2 h.
Characterizations
The crystal structures of the anode pellets were determined by X-ray diffraction (XRD, Rigaku, D/Max-2200 model) with Cu Ka radiation at a wavelength of 1.5406 A aer sintered at 1500 C for 3 h. Temperature-programmed reduction (TPR) of the same weighted sample (0.1 g) was packed in a quartz tube and heat treated in 10% H 2 atmosphere with ow rate as 50 sccm from 150 C to 550 C with heating rate, 10 C min À1 . Hydrogen consumption was measured by thermal conductivity (TCD) detector. Ni2p and Ce3d of samples were detected by X-ray photoelectron spectroscopy (XPS, K-alpha, Thermo U. K.) with monochromated Al X-ray sources (Al Ka line: 1486.6 eV). The electrical conductivity was determined by using versatile multichannel potentiostat (VSP, Biologic, VMP3B-10 model).
The frequency range was varied from 1 Hz to 1 MHz with the applied AC amplitude of 30 mV. Field emission scanning electron microscopy (FE-SEM, JEOL, JSM-6701F model) was used to observe a surface and cross-sectional images of the cells and the catalyst. Individual cells (2 cm Â 2 cm) with the electrode area of 1.1 cm 2 were used in the cell test. Two Au meshes were attached to each of the anodes and cathodes, and Pt paste was used only on the cathode side as a current collector. A Pyrex sealant adhered to the cell and a zirconia tube in a testing apparatus. The temperature was gradually increased to 750 C, then remained for 30 minutes to ensure complete sealing. The temperature was down to 700 C, and then hydrogen gas was fed into the anode for 1 h to reduce anode nickel oxide and copper oxide to metal phase. The cells were tested at 500 C, 550 C, methanol in N 2 ) and 10 000 cm 3 h À1 g cat À1 gas hourly space velocities (GHSV). Aer 1 h, these were analysed by gas chromatography with FID and TCD, using a porapak N and mol sieve 13X column and Ar as the carrier gas. Raman spectroscopy was measured at room temperature under ambient conditions using LabRam Aramis (Horriba Jovin Yvon) an Ar-ion laser beam at an exciting radiation wavelength of 532 nm on the reference cell and the Cu impregnated cell aer long-term methanol fuelled test for 20 h and 60 h, respectively.
Results and discussion
The cell conguration directly affected to the performance of the SOFC. Conventional SOFC fabricated by dip-coating method is generally composed of 20 mm thick electrolyte. In our previous research, thin electrolyte layer could be successfully fabricated by simple dip-coating method and resulted to form highly efficient SOFC. 40 This thin electrolyte about 10 mm thick reduced the ohmic resistance of SOFC. In order to demonstrate the benecial effects of dispersed copper contents on activity and coke tolerance, two respective cells were prepared, Ni/GDC based anode supported conventional cell abbreviating to "Cell-1" and copper inltrated anode cell abbreviating to "Cell-2" (Fig. 1a and b) .
To obtain the states of anode materials at initial SOFC operating system, half cells of Cell-1 and Cell-2 were exposed to H 2 at 700 C for 1 h. It was discovered that dispersed copper nanoparticles occurred at the Ni and GDC surfaces aer copper inltration (Fig. 2) . Green and blue dots were Ce, Cu and Ni elements located in the anode. As shown in Fig. 2 , nickel metal and GDC were completely separated. On the other hand, copper contents were dispersed on the GDC electrolyte and nickel. It means that coper contents were co-doped in nickel metal and GDC via inltration method. Fig. 3 shows X-ray diffraction (XRD) patterns of the Cell-1 and Cell-2 anode before and aer H 2 reduction at 700 C for 1 h. As shown in ESI Fig. 1 , † no extra diffraction peaks to copper oxide (CuO) were detected before reduction due to similar ionic radii of Ni 2+ (78 pm) and Cu 2+ (87 pm) which means that Cu ions can be easily substituted for Ni ions without signicant lattice distortion. 41 Furthermore, it also strongly combined with nearby GDC and led to shi the main peak degree of X-ray diffraction (XRD) pattern. At high annealing temperature (1000 C), the solubility dropped and Cu started to dissolve in GDC. It was found that 2q value at main peak of GDC (Fig. 3a) Aer reduction, the NiO phase was transformed into nickel metal which were face-centered cubic (FCC) structures (Fig. 3b) . As shown in Fig. 3b , formation of Ni-Cu alloy was conrmed by 2q value of Ni main peak which was decreased by copper inltration as 44.48 in Cell-1 to 44.46 in Cell-2. Furthermore, main peak degree of GDC in Cell-1 was also increased more rather than Cell-2 compared to the cells before reduction process. It indicated that copper metal was slightly more doped in Cell-2 though it was exsolved from GDC in both cells. This Cu doped GDC can enhance CO oxidation which is a key step for suppressing the growth of carbon whiskers on the Ni surfaces at low temperatures, and nano-sized Ni-Cu alloy would enhance the number of active sites. Interestingly, grain sizes of GDC and nickel metal were signicantly decreased in Cell-2 (GDC: 40.96 nm to 25.93 nm, NiO: 44.96 nm, Ni: 29.69 nm), though that of Cell-1 were increased aer reduction at high temperature (GDC: 50.54 nm to 51.53 nm, NiO: 37.24 nm, Ni: 58.76 nm) (ESI Table 1 †). The reduction of the grain sizes of GDC and nickel metal probably arose from the Cu doping in the host Ni and GDC lattice. Copper contents in GDC and nickel motivated formation of more defects during phase transition by reduction process on account of the grain growth relying on the grain boundary mobility. 42 These defects increased mismatch and it signi-cantly reduced grain sizes of Ni and GDC. Increasing the number of grain boundaries in GDC can enhance CO oxidation and smaller particle size of Ni-Cu can be expected by copper inltration.
The effects of reducing metal grain size by copper inltration were shown in Fig. 4 . Hydrogen gas was mainly formed during methanol oxidation. Copper metal has poor reactivity for H 2 oxidation as mentioned above. On the other hand, Temperature Programmed Reduction (TPR) data of H 2 referred that initial reaction temperature was reduced owing to the nanoparticles and the activity of Cell-2 anode was better than that of Cell-1 anode. It implied that the reduction of particle size in anode metal by copper inltration improved catalytic activity. These improvement affected to the performance of methanol fuelled SOFC. Fig. 5 shows X-ray photoelectron spectroscopy (XPS) of Cell-1 anode and Cell-2 anode aer reduction. The main peaks of Ni in Cell-1 anode and Cell-2 anode were 852.08 eV and 851.88 eV, respectively (Fig. 5a) . The binding energy of nickel decreased when it was doped with copper. It was demonstrated that the decrease in the binding energy for Ni was relevant to changes in unlled d-band electron holes stemming from the charge transfer from Cu to the adjacent Ni when it formed Ni-Cu alloy. 43 Furthermore, copper doping also modied the state of ceria (Fig. 5b) . The amplication of Ce 3+ related to numerical increment of oxygen vacancies. As shown in ESI Table 2 , † Ce 3+ / Ce 4+ ratio increased to 0.46 from 0.34 by copper doping. The increment in oxygen vacancies was directly linked to CO oxidation, 44 and it means that enhanced catalytic activity of CO oxidation in ceria was induced by copper. Fig. 6a shows typical current-voltage characteristics of Cell-1 and Cell-2 with hydrogen and methanol used as fuel at 550 C, respectively. The maximum power density of Cell-1 was 0.18 W cm À2 with H 2 and 0.14 W cm À2 with CH 3 OH at 550 C.
On the other hand, the maximum power density of Cell-2 was improved to 0.53 W cm À2 in H 2 atmosphere which primarily generated by decrease in thickness of electrolyte and grain size of anode materials. For methanol fuel, the power density was 0.42 W cm À2 in Cell-2. In order to determine the main causes of performance improvement, impedance spectra was measured. The impedance spectra of Cell-1 and Cell-2 were shown in Fig. 6b . The ohmic resistance value represents at an intersection of impedance arc and x-axis at high frequency. Diameter of the semicircle refers to the charge transfer resistance. methanol. 45 The difference of anode polarization stems from the electro-oxidation of CH 3 OH which is much more difficult than that of H 2 . Furthermore, impedance spectra at low frequency range below 10 Hz shows the gas conversion which represented that gas conversion at the Cell-2 anode was better than Cell-1. 46 The increment in the number of active sites in Cell-2 would lower overall charge transfer resistance and enhance conversions for both fuel, H 2 and CH 3 OH. In order to demonstrate enhancement in durability of cell, the cell voltages were recorded under the constant current load with methanol fuel at 550 C, as exhibited in Fig. 6c . Initial voltage outputs of both cells were approximately 0.6 V. It was found that the performance of Cell-1 was gradually dropped until about 15 h. When the carbon deposition increased immoderately, the excessive carbon dissolves into the nickel and then it signicantly reduced the nickel activity. 47 Aer 15 h, irreversible degradation occurred which was difficult to regenerate the power output. On the other hand, Cell-2 generated a stable voltage output for more than 50 h implying that the coke formation was inhibited by conguration of Cell-2. Gas chromatography (GC) was used to conrm difference of methanol conversion and CO oxidation activity between Cell-1 and Cell-2 anode as shown in Fig. 6d . At 550 C, Cell-2 anode shows signicant improvement in CH 3 OH conversion (92.87%) compared to that of Cell-1 (71.63%). Higher conversion of CH 3 OH enhanced the yield of hydrogen (Cell-1: 45.17%, Cell-2: 55.10%). Furthermore, Cell-2 also enhanced CO oxidation which is main cause of coke formation with Boudouard reaction. CO selectivities of Cell-1 and Cell-2 anode were 21.11% and 19.40%, respectively. It resulted to form larger amount of CO 2 in product of Cell-2 (CO 2 selectivity of Cell-1: 9.46%, Cell-2: 9.68%). Catalytic activities for CH 3 OH and CO oxidation of Cell-2 were far superior compared to that of Cell-1. The coke resistant properties of Cell-1 and Cell-2 were easily and optically distinguished by scanning electron microscope (SEM) images. Aer long-term test with methanol, although lamentous graphitic carbon dominantly appeared at Cell-1 (Fig. 7a) , it was not detected in Cell-2 (Fig. 7b) . The absence of graphitic carbon in Cell-2 was also detected by ex situ Raman spectroscopy. On account of graphitic carbon peak which appeared at $1350 cm À1 (D band), $1590 cm À1 (G band) and 48, 49 it can verify nonexistence of graphitic carbon in Cell-2 aer long-term test though graphitic carbon was detected in Cell-1 (Fig. 8) . As shown in ESI Table 3 , † severe carbon growth ($82 mol% C composition) was detected at the Cell-1 anode aer CH 3 OH long-term test for 15 h. On the other hand, less amorphous carbon was detected in the Cell-2 aer CH 3 OH long-term test for 60 h ($36 mol% C composition). It implied that further research on Cell-2 is needed to overcome the amorphous carbon deposition. In summary, two typical improved points were introduced by copper inltration as shown in Fig. 9 . Direct CH 3 OH oxidative ability of Cu improved CH 3 OH conversion, and increasing oxygen vacancies in ceria enhanced CO oxidation to inhibit carbon formation. Additionally, these abilities were boosted by reducing grain sizes of Ni and GDC arising from forming defects in Cu doped sites in this study.
Conclusions
We improved the coke-tolerance of low temperature solid oxide fuel cell anode by simple inltration method. Copper nanoparticles were dispersed in anode materials consisting of nickel and GDC which assisted to reduce grain size of metal and GDC enhancing its activity to reform CH 3 OH and CO oxidation. It resulted to have maximum power density about 0.4 W cm À2 .
Furthermore, the long-term durability test was stably operated at constant current density over 50 h and it implied that copper inltration also enhanced durability of CH 3 OH fueled LT-SOFC. Hence, dispersed copper nanoparticles for nickel and ceria based anode enhance the performance and durability simultaneously, and it has application prospect to low temperature targeted SOFCs using methanol as fuel.
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